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Abstract 
In Birkinshaw and Ewen (this issue) a detailed nitrogen transformation model was 
incorporated in the SHETRAN physically-based spatially-distributed river catchment 
modelling system. This gives SHETRAN the capability to simulate nitrate generation 
and leaching and the subsequent subsurface transport through combinations of 
confined, unconfined and unsaturated systems to seepage points and streams, and 
transport through stream networks. SHETRAN is applied here to explaining the 
complicated pattern of nitrate discharge seen at the stream outlet from the Slapton 
Wood catchment, Devon, UK. The nitrate concentrations simulated by SHETRAN are 
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physically realistic and in agreement with measurements made at the catchment, and 
since SHETRAN was not calibrated against any of the nitrate measurements made at 
the catchment this represents a strong validation test of the nitrogen component of 
SHETRAN. The catchment is clay-loam soil underlain by slate, and the main features 
of the nitrate concentration at the outlet are low concentrations associated with both 
low and high flows and high concentrations associated with medium flows. A plume 
of nitrate develops above and around the loam-slate boundary following fertiliser 
applications in the spring and early summer, and the high outlet concentration occurs 
when lateral flow develops at the loam-slate boundary during the winter and acts as 
the main source of flow to the stream. At times when the stream flow is low it is fed 
from the slate below the plume, and when it is high it is fed from surface flow. 
SHETRAN simulates the above behaviour and there is close agreement between the 
simulated and measured outlet concentrations. The SHETRAN distributed results for 
nitrate concentrations and leaching load also agree well with existing measurements. It 
is concluded that SHETRAN should prove to be a powerful, practical and useful tool 
for studying nitrate pollution problems. 
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Introduction 
 In Birkinshaw and Ewen (this issue) the nitrogen transformation model, NITS  
(Nitrogen Integrated Transformation component for SHETRAN), was developed and 
incorporated into the SHETRAN physically-based spatially-distributed river 
catchment modelling system. This system allows the simulation of nitrate generation, 
leaching, transport through the subsurface and discharge via seepage areas into surface 
waters and transport through river networks. SHETRAN represents the subsurface as 
a variably saturated region comprising a mix of perched, unconfined, confined and 
unsaturated systems, and the subsurface and surface are treated as a whole, ensuring 
that the influence of each on the other is handled consistently and appropriately. The 
effect of preferential flow on nitrate transport is allowed for using the two-region 
(dynamic region and dead-space) approach of Van Genuchten and Wierenga (1976).  
 NITS has eight pools: nitrogen and carbon pools for each of manure, litter and 
humus, and pools for ammonium and nitrate. NITS was developed specially for 
SHETRAN, to be compatible with its physically-based, distributed nature, and was 
incorporated directly into SHETRAN (details of which are given in Ewen et al., 
2000). The NITS transformation equations are solved simultaneously with the water 
flow equation within and below the root zone, and nitrate leaching and subsurface 
transport to seepage areas and into rivers and through river networks is modelled 
using advection-dispersion equations with terms for adsorption and dead-space 
(Ewen, 1995). The verification and a field validation test of the NITS equations is 
described in Birkinshaw and Ewen (this issue), where there is also a brief review of 
catchment nitrate modelling. 
 The validation of SHETRAN at the Slapton Wood catchment, Devon, UK 
(Fig. 1) is described here. The catchment has fertilised arable land and grassland, and 
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there is also a wooded area. The validation involves simulating the application of 
fertiliser, the generation of nitrate, and its leaching and subsurface transport to and 
along the Slapton stream, and comparing the simulated and measured nitrate 
concentration at the catchment outlet. 
 The subsurface hydrology of the catchment is complex and the data on 
fertiliser application are not of a high quality, so this is a severe and imperfect test of 
SHETRAN. However, such problems are the norm rather than the exception in 
catchment model validation. 
 
Slapton Wood Catchment 
 The Slapton Wood catchment covers 0.94 km2, 60% of which lies above the 
90m contour.  Above 90m, the slopes are gentle (generally less than 5%) and the land 
is intensively farmed, mainly as grassland and for cereal and root crops.  Below 90m, 
the slopes are steeper (up to 25%), and there is permanent grassland and a wood 
(which covers 13.5% of the catchment).  The soils throughout the catchment are 
mainly freely-draining acid brown soils with a clay-loam texture, around 2 metres 
deep (Trudgill, 1983), and underlain by extensively folded slates (Chappell and 
Franks, 1996). 
 The hydrology of the Slapton Wood catchment is quite complicated and not 
simple to model.  One unusual feature is the occurrence of two peaks in some of the 
measured storm hydrographs, as can be seen in the measured storm hydrograph shown 
on the right hand side of Fig. 2.  The first peak is surface runoff, but the second, which 
occurs several days after the rainfall, is shallow subsurface runoff. There is slate in the 
subsurface, and it is thought (Burt et al., 1983; Burt and Heathwaite, 1996) that the 
subsurface runoff results when infiltrating water is deflected laterally at the loam-slate 
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interface and flows down slope, within the subsurface, to the stream. The two-peak 
response takes place only when the catchment is wet. When it is dry there are low 
flows and short-lived single-peak storm hydrographs. The low flows are thought to be 
sustained by groundwater flowing through fractures in the extensively folded slates 
(Burt and Heathwaite, 1996; Chappell and Franks, 1996).  The three runoff processes 
(i.e. surface flow, subsurface flow and groundwater flow) are shown schematically in 
the cross section in Fig 1. 
 The annual mean nitrate concentration measured at the catchment outlet has 
increased steadily from 5.14 mg NO3-N l-1 in 1971 to 8.5 mg NO3-N l-1 in 1990, and 
this rise is thought to be associated with the use of agricultural fertilisers applied to all 
the non-forested parts of the catchment (Heathwaite and Burt, 1991).  There is an 
annual cycle in concentration, related to the annual cycle in discharge rate (Burt et al. 
1988; Heathwaite and Burt 1991). Currently the minimum nitrate concentration is 
around 6 mg NO3-N l-1 and occurs when the stream discharge rate is low (usually less 
than 0.005 m3 s-1) and is fed mainly from groundwater. The maximum concentration 
is around 10 mg NO3-N l-1 and usually occurs when the discharge is between 0.07 m3 
s-1  and 0.14 m3 s-1 and is fed mainly from shallow subsurface runoff.  At discharges 
higher than this, the concentration is usually low as the result of dilution by surface 
runoff.  This systematic relationship between nitrate concentration and discharge is 
discussed by Burt and Arkell (1987) and Trudgill et al. (1991). 
 
Preliminary Simulations 
 Data for the litter additions and the initial concentrations of nitrate in the 
Slapton Wood catchment are not available in the literature, so suitable values were 
chosen based on results from preliminary three-year SHETRAN simulations run for 
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three plots; one plot each for the three main vegetation types: woodland, permanent 
grassland and arable/temporary grassland.  In each of these simulations, the 
SHETRAN mesh was three rows of three 50m x 50m grid squares, and the aim was to 
obtain self-consistent sets of data for litter contents and nitrate concentration, under 
nearly steady conditions, so that the nitrate concentrations are in reasonable agreement 
with available measurements.  
The time-varying fertiliser application rates and manure application rates for 
these simulations were calculated using information from Johnes and O’Sullivan 
(1989), who in 1985/6 questioned all the farmers in the catchment about farm size, 
numbers of livestock, crop types in each field, and fertiliser application rates. These 
livestock numbers and fertiliser application rates were assumed to apply during the 
simulation period (1989 onwards) and there is some support for this in that the 
regional input rates did not change considerably between 1985 and 1989 (e.g. 
Chalmers and Leech, 1990). Cattle and sheep are the most important livestock in the 
catchment and these were assumed to graze throughout the grassland areas supplying 
manure directly to the ground. The loading of nitrogen per animal is based on Gostick 
(1982). Fertiliser applications are assumed to occur from March to May, which is 
estimated from UK application timings (Chalmers and Leech, 1990) and knowledge 
that the climate is mild in winter compared to the rest of the UK and so early additions 
of inorganic fertiliser are used. Litter additions calculated during the preliminary three 
year simulation for the arable/temporary grassland plot gave annual additions of 100 
Kg N ha-1 split between the harvest date in July (when the crops dead roots are added 
to the litter pool) and the ploughing date in September (when the above ground crop 
residues are added to the litter pool). For the permanent grassland there was a smaller 
addition of 37.5 Kg N ha-1 considered to be dead roots added, in September. For the 
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woodland, leaf litter additions of 150 Kg N ha-1 were calculated, split equally between 
October and November. 
Values for the soil organic matter concentrations were obtained from Whelan 
(1993) and Loring and Trudgill (1994), who measured the soil organic matter content 
and the soil compaction for arable land, grassland and woodland plots in the Slapton 
Wood catchment. Values for the decomposition parameters were estimated from the 
literature and from the values used during the verification and validation of the NITS 
model (Birkinshaw and Ewen, this issue). Values for the wet and dry deposition of 
both ammonium and nitrate were estimated using data from the UK Acid Deposition 
Network (RGAR, 1997) and more comprehensive data from nearby Wales (Reynolds 
et al. 1999). Annual additions of 28.6 kg N ha-1 were used, the biggest contribution 
being from dry deposited ammonia.  
 The nitrate concentrations from the preliminary simulation for 
arable/temporary grassland are shown in Fig. 3. The concentration at the ground 
surface (0m depth) shows the greatest variation. It rises rapidly in March and April in 
response to the addition of inorganic fertiliser and then falls mainly as the result of the 
uptake of nitrate by the vegetation. However, nitrate is advected down the soil 
column, causing a peak in the concentration at 0.5m depth a few months after the peak 
at the ground surface. At 1m depth the peak occurs six months later than at the ground 
surface. The peak concentration is 820 mg NO3 - N l-1 at the ground surface, just after 
the addition of inorganic nitrogen fertilisers, 80 mg NO3 - N l-1 at 0.5m, and 35 mg 
NO3 - N l-1 at 1m. This reduction with depth is the result of both uptake by vegetation 
and physical dispersion. The meteorological conditions and the organic and inorganic 
additions are assumed the same each year. This cycling of forcing data was used both 
to obtain initial conditions for the full simulation and to test for self-consistency.  
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 Soil nitrate concentrations were measured at the Slapton Wood catchment for 
the period from October 1983 to February 1985. Monthly samples were taken from an 
arable, grassland, and woodland plot by Trudgill et al. (1991). They found that for 
each vegetation type the nitrate concentration was lowest around November, 
December and January, and rose rapidly in late February and March to a peak in April 
or May. In the arable and woodland plots the rise in late February and March is 
probably due to fertiliser applications, whereas in the woodland it is probably due to 
high mineralisation in the mild winters following the large inputs of organic matter in 
leaf litter fall in the autumn (Trudgill et al., 1991). The nitrate concentrations at and 
near the ground surface in the preliminary simulations shows these trends (e.g. see 
Fig. 3). Also, the magnitude of the simulated nitrate concentrations agrees well with 
the measurements in Trudgill et al. (1991), given that the concentrations are for 
different locations and dates. Overall it was concluded that the preliminary 
simulations were successful and provided reasonable values for the litter additions and 
for the initial nitrate concentrations to be used in the full simulation of the Slapton 
Wood catchment. 
 Additional data for the SHETRAN simulation of the full Slapton Wood 
catchment were obtained from the literature (e.g. the crop types in each field during 
the simulation period are given in Institute of Hydrology, 1993). The range of values 
for the full SHETRAN data set for carbon and nitrogen in the catchment are given in 
Tables 1-3. This gives an initial C/N ratio throughout the catchment of 12. None of 
these nitrogen data were derived by calibrating SHETRAN, so the comparisons given 
below of the simulated and measured nitrate concentrations is a strong validation test 
of SHETRAN. 
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Full Simulation 
 The main process for the transport of nitrate is advection with water flow, so 
to ensure the water flow pathways in the Slapton Wood catchment are simulated 
accurately SHETRAN was calibrated against the flow discharge measured at the 
catchment outlet. 
 The SHETRAN finite-difference mesh has 50m x 50m gridsquares (Fig. 1) 
and the channel network is represented as a network of 50m long stream links (Fig. 1). 
On either side of each stream link there is a stream bank (in effect a 50m x 10m 
gridsquare) which extends out from the stream for a distance of 10m. These are not 
shown in Fig. 1. Their role is to allow the flow and transport pathways near the stream 
to be represented in finer detail than would be the case if the stream links were in 
direct contact with full-sized grid squares.  For simplicity, the subsurface structure of 
the catchment is represented as a 2.2m thick layer of clay loam underlain by slate (Fig. 
1).  The subsurface below every 50m x 50m grid square area, and below every 50m x 
10m stream bank area, is divided into 46 vertically-stacked finite-difference cells, 
with thicknesses ranging from 2cm near the ground surface to 100cm at depth. 
 The main time-varying inputs to SHETRAN are hourly rainfall and 
meteorological data for the simulation period, November 1989 to March 1991. A 
timestep of one hour was specified, but within SHETRAN this is reduced 
automatically during storms to ensure that the full dynamics of runoff production and 
river flow are captured.    
 Calibration of the water flow simulation was performed by modifying the 
matric potential and hydraulic conductivity functions for the clay loam and slate by 
trial and error. Macropore flow has been observed in the catchment (Coles and 
Trudgill, 1985), so special attention was paid to the flows simulated in saturated and 
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near-saturated  conditions. The quality of the calibration can be gauged from Fig. 2. 
Overall there is close agreement between the measured and simulated outlet 
hydrograph (r2 is 0.86), and the low flows during the summer and the large subsurface 
peaks in the winter are both reproduced quite satisfactorily (Fig. 2). The water balance 
totals for 1990 are shown in Table 4. These show that the discharge was overestimated 
by 29mm and the simulated catchment storage fell by 97mm, suggesting that some  
further refinement of the simulation is possible. 
 The simulated phreatic surface depths for the whole catchment are shown for 
October 1990 in Fig. 4. This shows that the phreatic surface level is at the ground 
surface in each of the three hillslope hollows in the catchment, agreeing with field 
observations (Burt and Arkell, 1987). Reliable phreatic surface depth measurements 
are available for 18 dipwells for some or all of the simulation period, so further checks 
were made on the water balance and the overall quality of the water flow simulation 
by comparing the simulated levels against these measurements. The dipwell data 
measurements for 10th October 1990 is shown in Fig 4. There is substantial spatial 
variability in the phreatic surface depths, especially in the extensively folded slate 
layer, where the layer slope can  be 70°. Taking this and the 50m scale of the 
SHETRAN squares into account, the comparison show good agreement. 
 On inspecting the comparison between the simulated and measured outlet 
hydrograph in finer detail (Fig. 2), the main discrepancies are the underprediction of 
the peak flows (probably surface runoff) in December 1989 and January/February 
1990, the relatively poor simulation of the twin-peak responses, e.g. the February 
1991 response shown on the right hand plot in Fig. 2, and the failure to simulate the 
subsurface runoff responses in October to December 1990. A major effect was 
expended to obtain the high quality of calibration achieved, especially the simulation 
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of the twin peak response. To improve the calibration further would be difficult, and, 
given that there are measurement errors in the flow measurements, not worthwhile. 
 The subsurface response of the Slapton Wood catchment is quite complex, and 
the subsurface profile arrived at by calibration comprises three main layers. At the top 
is the clay loam soil (down to 2.2m below ground), below which there is a low 
conductivity slate layer (saturated conductivity = 0.01 m/day), running from 2.2m to 
2.7m, and below this there is a fractured slate layer (saturated conductivity = 0.2 
m/day). The existence of a low conductivity slate layer has previously been suggested 
by Chappell and Franks (1996), based on observations of perched water above the 
slate layer and artesian discharge as a result of augering through the slate. Macropore 
flow has been observed (Coles and Trudgill, 1985), and the SHETRAN soil hydraulic 
property functions have been modified to partially account for this: the clay loam soil 
is assumed to have a saturated conductivity  (θ = 0.40 at saturation) of 300 m/day, but 
the conductivity reduces rapidly with moisture content, to 30 m/day at θ = 0.39 and 3 
m/day at θ = 0.35. The use of a single uniform soil to represent the cover for the entire 
catchment is a substantial simplification, and the method used to account for 
macropore flow is not ideal. However, the calibration achieved high quality results, 
giving some encouragement that the simulated pathways by which nitrate is advected 
from the soil through into the groundwater and the stream are reasonably accurate. 
 The simulated discharge at the outlet of the Slapton Wood catchment is shown 
in Fig. 5 and Table 5. Statistical analysis of the results (e.g., Addiscott et al. 1995; 
Smith et al. 1996) gives the correlation coefficient, r, as 0.822 for the mean monthly 
values and 0.621 for the individual values. Values for the modelling efficiency are, 
respectively, 0.172 and 0.189 for the mean monthly values and the individual values, 
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which indicates that the simulated values describe the measured data better that the 
mean of the observed values. 
The simulation shows a systematic relationship between nitrate concentration 
and outlet discharge (Table 6) which is in agreement with the 1983-84 values 
measured by Burt and Arkell (1987). The simulated nitrate concentration in the stream 
drops to only 6 mg NO3-N l-1 during the dry summer of 1990, when the stream 
discharge is low and fed mainly by groundwater.  At medium discharges, occurring 
mainly during the winter, the concentration is high, and the main source feeding the 
stream is shallow subsurface flow. As expected, the simulated nitrate concentration in 
the stream drops quickly in response to rainfall (as shown by the downward spikes in 
Fig. 5, which correspond to the rainfall shown in Fig. 2).  This is due to infiltration in 
the riparian zone and occasional surface runoff associated with intense rainfall during 
wet periods. For example, a detailed examination of the results showed that the 
intense rainfall in early February 1990 produces overland flow resulting in a fall in the 
nitrate concentration in the stream. 
 In the simulation, there are plumes of high nitrate concentration in the soil of 
fertilised crops in the summer, similar to high concentrations measured in the 
catchment (Trudgill et al. 1991). In the late autumn and winter this is transported 
down the soil column and then via shallow subsurface pathways to reach the stream in 
the late winter. Fig. 6 shows the nitrate concentration for the cross section in Fig. 1, 
and shows that by 25th November the plume has reached 1m depth and there has been 
some vertical dispersion of the plume. Fig. 6 then shows that over the next two 
months the plume reaches 2m depth, and there has been further dispersion: on 25th 
November the peak concentration is over 38 mg NO3 - N l-1, but by 10th February it is 
only 24 mg NO3 - N l-1. It can also been seen in Fig. 6 that when the high 
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concentrations arrive at 2m there is migration laterally to the stream, so the nitrate 
concentration in the subsurface adjacent to the river channel gradually rises from 
below 10 mg NO3 - N l-1  on 25th November to around 20 mg NO3 - N l-1 on the 10th 
February. This produces high nitrate concentrations (17 mg NO3 - N l-1) in the stream, 
while the concentration at the ground surface away from the stream remains low. At 
1m below ground the nitrate concentrations are highest at the stream (Fig. 7), but they 
are also high in the three hillslope hollows in the catchment, where the phreatic 
surface is close to the ground surface (see Fig. 4 for phreatic surface levels) and water 
flow brings the plume close to the ground surface. At 2m, the highest concentrations 
are under the fertilised grassland and arable land. Below 2.2m, nitrate is first advected 
through the low conductivity slate layer to 2.7m and then through the normal fractured 
slate. Advection through the low conductivity slate occurs throughout the year at a 
rate closely corresponding to saturated hydraulic conductivity. From January to March 
it is the high nitrate concentration water found in the soil just above the slate that is 
advected into the slate, but through the rest of the year water with low nitrate 
concentrations is advected into the slate. Dispersion takes place as this nitrate is 
transported down to 5m below ground, so that at this depth (Fig. 7) the nitrate 
concentrations are fairly low throughout the year and throughout the catchment. 
 One advantage of distributed modelling is that the spatial distribution of nitrate 
in the catchment can be analysed and the areas of maximum simulated load (i.e. 
leaching rate) can be found.  The Slapton Wood catchment can be divided into five 
subcatchments (Fig. 8). The Headwaters is mainly arable or temporary grassland, with 
large fertiliser additions, and has the highest concentration and load. The Slapton 
Wood subcatchment is forested, and has the lowest concentration and load.  The 
Carness and Eastergrounds subcatchments contain large areas distant from the stream 
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and have low ratios of load to concentration, while the bulk of the Valleysides 
subcatchment lies close to the stream and has a large ratio of load to concentration.  
This spatial distribution agrees with the measurements of Burt and Arkell (1987) for 
1983-1984. 
 The simulated annual plant uptake of nitrogen in 1990 for five different crop 
types (Table 7) depend on a variety of factors including the crop type, the amount of 
fertiliser applied and the timing. Overall these agree with measured values for 
grassland (Dowdell, 1982) and arable land (Macdonald et al. 1997). The timimg of the 
plant uptake of nitrogen (spatially averaged over the catchment) can be seen in Fig. 9. 
This, as expected, shows that the uptake rate is largest during April to June.  
The spatially-averaged additions, losses and flows of nitrogen between the 
different pools in 1990 are shown in Fig. 10. The main flow of nitrogen is from 
organic matter to ammonium (by mineralisation), nitrification of this ammonium, and 
then loss of nitrate through plant uptake and stream discharge. This flow is augmented 
by substantial additions of ammonium and nitrate fertiliser. There is a significant 
amount of backward flow to organic nitrogen via immobilisation of nitrate and 
immobilisation of ammonium. Fig. 9 shows the fertilisers provide inorganic nitrogen 
mainly in March to May, but mineralisation and nitrification take place mainly during 
the late spring and summer months. Immobilisation of nitrate occurs slowly 
throughout most of the year, but peaks from August to November as a result of crop 
residues left in the soil after harvest then leaf litter from the trees. The nitrate lost 
from the catchment in stream discharge is greatest during January, February, March 
and December, when both the stream discharge and the stream nitrate concentration 
are at their highest. Atmospheric deposition occurs steadily throughout the year. 
Overall, the inorganic nitrogen in the soil shows some variation throughout the year 
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with a maximum in the summer months and a minimum in the winter months (a 
similar trend in measured levels in Slapton Wood in 1984 can be seen in Trudgill et 
al., 1991). There is a decrease in January and February due to the loss of nitrate in 
stream discharge. There is then an increase from March to May as mainly fertiliser 
additions but also mineralisation supplies more inorganic nitrogen than is needed for 
plant uptake. From June to August there is little change in inorganic nitrogen 
concentration as mineralisation gains are matched by plant uptake of nitrogen 
(although a lot of the nitrogen taken up by the plant comes from the fertiliser still in 
the soil and not the recently mineralised nitrogen). September and October see a drop 
in inorganic nitrogen. There is immobilisation of nitrate due to crop residues ploughed 
into the soil, leaf litter in the woodland, and dead grass roots. However, nitrate 
concentrations in the top 0.5m of the soil in the arable land remain high, in the range 
from 40 - 100 mg NO3 - N l-1 (see Fig. 3), and this is the nitrate that is leached out 
from December to March. In November and December inorganic nitrogen totals are 
fairly constant with similar rates of mineralisation and loss of nitrate in the stream 
discharge. 
 There are two aspects of the SHETRAN simulation, which should be studied 
in more detail in future. First, the amount of denitrification is probably too low. It is 
known that denitrification is a highly spatially and temporally variable process which 
is strongly influenced by the local organic matter decomposition rates and soil 
moisture content (Parsons et al., 1991). The denitrification rate at Slapton Wood 
should be expected to be low, since the catchment has well drained clay-loam soil and 
the residence times are low in the riparian zone and hillslope hollows where there are 
saturated conditions and large organic matter contents giving conditions suitable for 
denitrification (Haycock and Pinay, 1993; Burt et al, 1999).  However, at 0.5% of 
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applied nitrogen it is considerably lower than the values quoted by Nieder et al. (1989) 
who gives losses from 2.5% upwards of applied nitrogen. Calibration of the 
denitrification parameter values is therefore probably necessary. The second aspect 
requiring study is the 52 Kg N ha-1  rise in organic nitrogen in 1990 (corresponding to 
a 634 Kg C ha-1 rise in organic carbon), which is around 0.3% of the total organic 
nitrogen in the soil. Large increases have been found in long term soil organic matter 
experiments. For example, in the Bad Läuchstadt fertiliser experiment (Körschens and 
Müller, 1996) a field with a rotation of sugar beet, spring barley, potatoes and winter 
wheat receiving 30 t ha-1 of farmyard manure every second year and various rates of 
nitrogen fertiliser additions, has shown an average annual increase in soil organic 
matter of around 375 Kg C ha-1. However, in the Slapton Wood catchment, which has 
considerably lower additions of manure, such an increase would be unlikely. It is 
known there is a finite annual loss of organic nitrogen of between 40 and 60 Kg N ha-1 
yr-1 from Slapton Wood (Johnes and O’Sullivan, 1989), which agrees perfectly with 
the 52 Kg N ha-1 rise, so the rise can be explained by the fact that transport of organic 
nitrogen to the stream is not modelled in the SHETRAN simulation.  
 
Discussions and Conclusions 
 A detailed physically-based nitrogen transformation model has been integrated 
into the physically-based, spatially-distributed catchment modelling system 
SHETRAN to give a powerful tool which can be used to simulate nitrate leaching and 
transport, and to analyse the consequences of past pollution and possible remedial 
measures (Birkinshaw and Ewen, this issue).  SHETRAN was used here to simulate 
nitrate transport in the Slapton Wood catchment, South Devon, UK. This was carried 
out as a validation test against field measurements of stream nitrate concentrations. To 
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ensure a strong validation, SHETRAN was not calibrated against the field nitrate 
measurements. However, the test does not involve ‘blind’ validation as has been 
previously used with SHETRAN (Ewen and Parkin, 1996; Parkin et al., 1996). The 
use of blind validation will be considered once some further experience has been 
gained in using the nitrate modelling capabilities of SHETRAN. 
 Slapton Wood is a relatively complicated catchment with a combination of 
land covers. The main features of its hydrogeology are a slate layer, lying below clay 
loam, with relatively fast lateral subsurface flow taking place at the boundary between 
the two layers (at around 2m below ground level). SHETRAN is capable of modelling 
flow and transport through realistic 3 dimensional geometries of combinations of 
unconfined and confined subsurface systems, and this capability was used to represent 
the subsurface of the Slapton Wood catchment as a two-layered system with 
anisotropic hydraulic conductivity. 
 Using SHETRAN it has been possible to analyse the various pathways for 
nitrate transport in the Slapton Wood catchment and the spatial distribution of nitrate 
concentration and leaching rate.  In particular, the simulation gives results which 
explain existing field measurements which show there is a systematic relationship 
between the outlet water discharge rate from the catchment and the nitrate 
concentration in the discharging water.  The highest concentrations are associated with 
medium discharges. In the SHETRAN simulation this behaviour is explained by a 
plume of nitrate developing under the crops after the application of fertiliser.  Nitrate 
then leaches to the loam-slate boundary before being transported laterally to the 
stream with lateral subsurface flow, arriving in the stream in winter when the lateral 
subsurface flow is at its most active and the stream discharges are at medium levels. 
The nitrate plume does not extend far into the slate, and the low nitrate concentration 
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seen in low flows is explained by these flows being sustained by discharges from the 
slate. During heavy rainfall the nitrate concentration in the stream falls, and this is 
explained by dilute surface runoff. 
 The highest simulated concentrations of nitrate arise in the Headwaters 
subcatchment, which is mainly arable and is subject to large applications of fertiliser. 
The lowest arise in the Slapton Wood subcatchment, which is forested.  For the other 
three subcatchments, the further the bulk of the subcatchment is from the stream the 
lower is the ratio of leaching rate to nitrate concentration. 
 It proved quite a challenge to simulate nitrate transport in the Slapton Wood 
catchment, mainly because its hydrology is complex.  However, the simulation was 
successful and the work has confirmed that SHETRAN should prove to be a powerful, 
practical and useful tool for studying nitrate pollution problems. 
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Table 1 
Annual nitrogen additions (Kg N ha-1) to the Slapton Wood catchment in the SHETRAN simulation (November 1989 to March 1991) 
 Farm Crop Rooting Inorganic Application  Litter Application Manure Application Dry and 
   depth at nitrogen Dates  dates  dates wet 
   maturity (m) fertiliser       deposition
 Loworthy Perm. grassland 1 244 25th March & 10th May 37.5 10th Sept. 120 Monthly 28.5 
  Temp. grassland 0.6 244 25th March & 10th May 37.5 10th Sept. 120 Monthly 28.5 
  Potatoes 0.6 222 10th March & 5th April 87.5 10th July & 15th Sept. 0 - 28.5 
  Spring Barley 0.6 69 10th March & 5th April 100 10th July & 15th Sept. 0 - 28.5 
  Winter Barley 0.6 69 10th March & 5th April 100 10th July & 15th Sept. 0 - 28.5 
Eastergrounds Perm. grassland 1 49 25th March & 10th May 37.5 10th Sept. 102 Monthly 28.5 
  Temp. grassland 0.6 49 25th March & 10th May 37.5 10th Sept. 102 Monthly 28.5 
  Spring Barley 0.6 49 10th March & 5th April 100 10th July & 15th Sept. 0 - 28.5 
 Other farms Perm. Grassland 1 195 25th March & 10th May 37.5 10th Sept. 108 Monthly 28.5 
  Temp. Grassland 0.6 195 25th March & 10th May 37.5 10th Sept. 108 Monthly 28.5 
  Potatoes 0.6 163 10th March & 5th April 87.5 10th July & 15th Sept. 0 - 28.5 
  Woodland 1.6 0 - 150 15th Oct & 15th Nov. 0 - 28.5 
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Table 2   
Nitrogen Parameters in the SHETRAN simulation of the Slapton Wood catchment 
 Parameter Value 
 (C/N)b 8.0 
 (C/N)h 12.0 
 dNH4 0.0017 g N m-2 day-1 
 dNO3 0.0017 g N m-2 day-1 
 fe 0.5 
 fh 0.2 
 kh 0.0 - 4.2x10-5 day-1 
 kl 0.0 - 0.069 day-1 
 km 0.0 - 0.43 day-1 
 kn 0.0 - 17.0 day-1 
 KNH4 5.0 - 10.0 
 k
 p,NH4 0.15 day-1 
 k
 p,NO3 0.15 day-1 
 ku,NH4 0.26 day-1 
 ku,NO3 0.26 day-1 
 kv 0.0 day-1 
 wNH4 5.4x10-4 g N l-1 
 wNO3 5.4x10-4 g N l-1 
 α 0.0 - 0.1 
 β 0.0 - 0.095 day-1 
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Table 3   
Initial concentrations in the SHETRAN simulation of the Slapton Wood catchment. 
(concentrations in the organic matter pools are given per unit volume of soil, 
concentrations in the ammonium and nitrate pools are given per unit volume of 
solution) 
 Pool Initial Concentration 
 Carbon Humus 0 - 126 Kg C m-3  
 Carbon Litter 0 - 0.87 Kg C m-3 
 Carbon Manure 0 Kg C m-3 
 Nitrogen Humus 0 – 10.5 Kg N m-3 
 Nitrogen Litter 0 - 0.073 Kg N m-3 
 Nitrogen Manure 0 Kg N m-3 
 Ammonium 0 - 1 mg NH4 - N l-1 
 Nitrate 1 - 75 mg NO3 - N l-1 
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Table 4  
Spatially-averaged totals (mm) of hydrological variables for the Slapton Wood 
Catchment in 1990 
  Measured Simulated  
Precipitation  1020 1020 
Evaporation - 545 
Discharge 542 571 
Change in Storage - -97 
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Table 5  
Monthly mean nitrate concentrations (mg NO3-N l-1) at the outlet of the Slapton Wood 
catchment 
Year Month Measured Simulated  
1989 November 7.4 7.9 
 December 7.6 10.8 
1990 January 14.3 12.7 
 February 11.9 14.3 
 March 10.9 12.5 
 April 7.9 10.7 
 May 6.3 8.3 
 June 7.1 6.7 
 July 6.2 6.9 
 August 8.4 7.3 
 September 6.0 7.2 
 October 5.8 5.6 
 November 6.5 6.8 
 December 6.8 8.2 
1991 January 9.4 12.7 
 February 8.6 10.8 
 March 9.9 14.2 
 
 Mean 8.3 9.6 
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Table 6   
Typical simulated outlet discharges (m3s-1) and outlet nitrate concentrations (mg 
NO3-N l-1) for the Slapton Wood catchment 
 Discharge Concentration 
  > 0.1 13.5 
 0.08 - 0.1 13.1 
 0.06 - 0.08 14.1 
 0.04 - 0.06 13.4 
 0.02 - 0.04 11.7 
 0.01 - 0.02 9.5 
 < 0.01 7.9 
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Table 7 
Simulated additions and plant uptake of nitrogen (Kg N ha-1) during 1990 
 Vegetation Inorganic nitrogen  Plant uptake  
  Fertiliser of nitrogen 
 Permanent Grassland 49 98.8 
 Winter Barley 69 107.6 
 Temporary Grassland 195 139.6 
 Potatoes 222 145.2 
 Woodland 0 132.8  
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Figure 1 Location map, SHETRAN mesh and a schematic cross section for the 
Slapton Wood catchment. The SHETRAN mesh shows the channel network in bold, 
and the cross section shows the three pathways by which water reaches the stream. 
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Figure 2 Rainfall, measured and simulated stream discharge at the outlet from the 
Slapton Wood catchment (the measurement flume was blocked by sediment from 15th 
February 1990 to 10th March 1990).  The rainfall and discharge for a single rainfall 
event in February 1991 is also shown. 
 
33 
 
 
Figure 3 Simulated soil nitrate concentrations for a plot of arable/temporary 
grassland. 
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Figure 4 Simulated and measured phreatic surface levels in the Slapton Wood 
catchment on 10th October 1990 . 
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Figure 5 Measured and simulated nitrate concentrations at the stream outlet from the 
Slapton Wood catchment. 
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Figure 6 Simulated nitrate concentration in a cross section (Fig. 1) of the Slapton 
Wood catchment during winter 1989/1990.  
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Figure 7 Simulated nitrate concentration in the Slapton Wood catchment on 10th 
February, 1990. 
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Figure 8 Simulated nitrate concentration and load for the Slapton Wood 
subcatchments, averaged over the period of the simulation. 
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Figure 9 Spatially-averaged 1990 simulated totals of inorganic nitrogen for the 
Slapton Wood catchment. 
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Figure 10 Spatially-averaged simulated nitrogen additions and losses (Kg N ha-1) 
during 1990 for the Slapton Wood catchment. 
